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ABSTRACT OF DISSERTATION 
 
 
 
 
 
INVESTIGATING ICHNEUMONIDAE: 
INSIGHTS INTO SPECIES IDENTIFICATION AND VENOM COMPOSITION 
  
 Parasitoid wasps are hyperdiverse, with current estimates suggesting that they may 
account for up to 20% of all insect species. Though their ecological significance and their 
importance in integrated pest management cannot be denied, these taxa remain understudied and, 
due to their small size, are often overlooked. However, recent advances in molecular techniques 
are helping to reverse this trend by providing tools which scientists can use to better understand 
species limits and host interactions. 
 Parasitoid wasps are often morphologically cryptic and their accurate delimitation 
requires the analysis of DNA sequence data from fast-evolving genes in addition to 
morphological characters. The research presented here demonstrates the utility of a new 
molecular locus in species delimitation. Also, a morphological key to the species of a genus 
occurring in America, north of Mexico is presented. 
 The interactions between parasitoid wasps and their hosts are highly complex. On the 
wasp side, it involves the production venom, which likely contains bountiful natural resources. In 
this study, the venom proteins of wasps of the genus Megarhyssa (Hymenoptera: Ichneumonidae) 
are identified. Putative functions are assigned to these proteins and possible applications are 
discussed. One of the proteins identified is the enzyme, laccase, which is associated with the 
degradation and digestion of wood. The sequence of the gene coding for this laccase was 
analyzed and used to create recombinant proteins in a baculovirus-insect cell expression system. 
Future work investigating this enzyme is necessary to determine its activity against the plant cell 
wall. 
 The research presented here provides insight into the identification and venom 
composition of ichneumonid wasps. The results contribute to our knowledge of this understudied 
taxon and indicate that there is much to be gained from further research in this field which will 
become increasingly practicable as molecular techniques advance and become more affordable.  
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Chapter 1: Introduction 
The developmental strategies of parasitoid wasps constitute some of nature‟s most remarkable 
examples of adaptive evolution and specialization, traits which may have led to the rapid 
radiation of these taxa into hundreds of thousands, or perhaps millions, of extant species. These 
wasps are a key component of terrestrial ecosystems (LaSalle &Gauld, 1991; 1993). Historically, 
research on parasitic Hymenoptera has been hindered by their small size and difficulty in 
sampling and rearing. However, recent advances in molecular techniques provide the tools 
necessary to investigate these fascinating organisms from new perspectives.  
 
Parasitoid wasp diversity 
Parasitoid wasps are free-living as adults but complete their immature life stages on 
(ectoparasitoids) or inside (endoparasitoids) the body of an arthropod host, which will 
subsequently die as a result (Godfray, 1994; Quicke, 1997). Having radiated in parallel with 
flowering plants 65 million years ago (Rasnitsyn, 1988; Whitfield, 1998), it is estimated that 10-
20% of all extant insects may be parasitoid wasps (Godfray, 1994; Quicke, 1997; Whitfield, 
2003). These species can be divided into two groups: (1) idiobionts, which halt the development 
of their hosts and (2) koinobionts, which allow their hosts to continue to develop after they are 
parasitized (Askew& Shaw, 1986). It is likely that all hymenopteran parasitoids share a single 
common ancestor that was probably an ectoparasitic idiobiont of wood-boring beetle larvae 
(Pennacchio &Strand, 2006). This shift to parasitism was accompanied by modifications in 
ovipositor morphology resulting in circular ovipositors of variable length compared to the short, 
laterally compressed ovipositors of phytophagous hymenopterans (Quicke, 1997). 
 
Parasitoid-host interactions 
In order to successfully parasitize their hosts, parasitoids must locate and access their hosts; lay 
an egg(s) on or inside their host; and modify the host physiology. If the host is herbivorous, 
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parasitoids will often be attracted at long range to chemical compounds that are released by the 
plant being attacked (Turlings et al., 1991; Whitman & Eller, 1990; Geervliet et al., 1994; 
Mattiacci & Dicke, 1995; Du et al., 1996; Powell et al., 1998; Guerrieri et al., 1999). Once in the 
appropriate habitat, the parasitoid will then exploit more specific cues to locate their hosts such as 
volatiles released from defecation, sex pheromones, feeding noises (Wäckers et al., 1998) and 
visual cues (e.g. feeding damage) (Vet, 1999). The ovipositor is then used to navigate or penetrate 
the substrate, assess and pierce the host, and finally to inject virulence factors and eggs into the 
host (Quicke, 2015). In order for the parasitic progeny to successfully develop inside their hosts, 
virulence factors injected by the female wasp, or factors produced by the parasitoid progeny, 
function to suppress the host‟s immune system and to redirect resources from host tissues to the 
parasitoid larvae (Pennacchio & Strand, 2006). 
 
Superfamily: Ichneumonoidea 
The hyperdiverse hymenopteran superfamily, Ichneumonoidea, comprises Ichneumonidae and 
Braconidae with 24,000 and 17,000 described species respectively (Yu et al., 2012). These wasps 
display extraordinary phenotypes including mutualistic associations with symbiotic viruses 
(polydnaviruses), complex venoms that alter host physiology to favor the developing wasp 
progeny and specialized egg-laying devices (ovipositors) capable of overcoming barriers between 
the wasp and its host. These remarkable adaptations are undoubtedly the result of arms races 
between the parasitoids and their hosts leading to increased specialization, resulting in the 
astounding diversity and species-richness observed in this superfamily today. 
 
Identification: Though they are highly speciose and abundant, the majority of ichneumonoid 
parasitoids remain undescribed (LaSalle & Gauld, 1993). This is due in part to the lack of 
taxonomists in this field but is also due to the prevalence of morphologically cryptic species 
which are only revealed through the analysis of molecular and ecological data. Therefore, keys to 
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the species in this superfamily are either old and difficult to decipher or simply non-existent. 
Much work is therefore required to both improve species concepts and produce identification 
keys that can be used by non-specialists. 
 
Polydnaviruses: Found in particular subfamilies of Ichneumonidae and Braconidae, 
polydnaviruses (PDVs) constitute one of nature‟s most remarkable examples of mutualism. PDVs 
are integrated into the wasp genome as proviruses and replication only occurs in the nuclei of 
specialized cells in the reproductive tract of the female wasp, producing virions which are 
injected into the host at oviposition (Strand, 2010). The DNAs within these virions are then 
discharged into the host cell nuclei and the expression of virus coded genes takes place, resulting 
in the suppression of the host immune system and the alteration of host metabolism and 
development (Strand, 2012; Beckage, 2012).Though both families within Ichneumonoidea 
contain subfamilies that harbor these viruses, it appears they do not share a common ancestor and 
the two viral genera, Ichnoviruses (found in Ichneumonidae) and Bracoviruses (found in 
Braconidae) (Strand & Drezen, 2012), are the result of convergent evolution (Burke & Strand, 
2012). 
 
Venom: Parasitoid wasp venom consists of a mélange of proteinacious and non-proteinacious 
compounds which is injected into the host at oviposition (Moreau & Asgari, 2015). These 
compounds may induce developmental arrest, immunosuppression, condition host physiology, 
and synergize the effects of polydnaviruses (Zhang et al., 2004; Strand& Noda, 1991; Strand & 
Dover, 1991; Stoltz et al., 1988). The complexity of hymenopteran venoms is highly variable, 
ranging from 10-100 different proteins or peptides per species (Moreau & Asgari, 2015). These 
venoms represent a source of millions of bioactive molecules which could have myriad industrial 
applications. 
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Ovipositors: Ichneumonoid ovipositors are highly morphologically variable but they all comprise 
a pair of sheaths (which may be both protective and sensory) and the ovipositor itself, which has 
three parts - the upper valve and two lower valves which enclose the egg canal (Quicke, 
2015).The hosts of many species of Ichneumonoidea develop deep inside the trunks of trees and 
therefore, the ovipositor must overcome this barrier before and egg can be laid. Some species will 
navigate through pre-existing cracks, fissures or borings while others will use their ovipositors to 
break wood fibers (Quicke, 2015).  The rhyssine ichneumonid, Megarhyssa, has a remarkably 
long ovipositor which it uses to penetrate inches of solid wood in order to reach its host 
(Heatwole & Davis, 1965) and Nénon et al. (1997) postulated that ovipositor secretions capable 
of lyzing wood facilitate this process. 
 
Objectives 
The general goals of my dissertation were to improve species identifications in two genera of the 
family Ichneumonidae (Order: Hymenoptera) and to provide insight in the functions and possible 
applications of the venom of the genus Megarhyssa (Hymenoptera: Ichneumonidae). 
 
My specific objectives were to: 
1. Determine to utility of polydnavirus genes in species delimitation in Hyposoter (Hymenoptera: 
Ichneumonidae). 
2. Create image-rich dichotomous and interactive keys to species of the genus Megarhyssa 
(Hymenoptera: Ichneumonidae) in America, north of Mexico. 
3. Identify the venom components of species in the genus Megarhyssa (Hymenoptera: 
Ichneumonidae). 
4. Characterize a putative laccase found in the venom of species in the genus Megarhyssa 
(Hymenoptera: Ichneumonidae). 
Copyright © Victoria Gillian Pook 2016 
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Chapter 2: Polydnavirus gene provides accurate identification of species in the genus 
Hyposoter (Hymenoptera: Ichneumonidae) 
 
Statement of Authorship 
This chapter is a published research article:  
Pook, V. G., Chapman, E. G., Janzen, D. H., Hallwachs, W., Smith, M. A., & Sharkey, M. J. 
(2015). Polydnavirus gene provides accurate identification of species in the genus Hyposoter 
(Hymenoptera: Ichneumonidae). Insect Conservation and Diversity, 8: 348-358. 
John Wiley & Sons License Number: 3853080744350  
 
This article has been modified in the following ways before incorporation into this dissertation: 
- the caption for Table 2.1 contains additional information 
- the legend for Figure 2.4 contains additional information 
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Abstract  
Accurate identification of species of parasitoid Hymenoptera often requires the analysis of 
multiple genetic and non-genetic traits. Here we investigate the potential for nuclear polydnavirus 
(PDV) gene loci to provide species-level discrimination in the parasitoid wasp genus Hyposoter 
(Hymenoptera: Ichneumonidae). A region of one PDV gene, Cys-d9.2, was sequenced from nine 
species of wasps and an additional two PDV genes, Cys-d9.1and Rep-c18.2, were sequenced from 
multiple specimens of one species of wasp. A Bayesian phylogenetic analysis of the Cys-d9.2 
sequences resulted in accurate identification of species and no intraspecific variation was 
observed in this gene, Cys-d9.1 or Rep-c18.2. Further statistical analyses showed that Cys-d9.2 
has a high prevalence of non-synonymous nucleotide substitutions. Our results support the use of 
Cys-d9.2 as an additional genetic locus for species delimitation in Hyposoter, highlighting the 
value of PDV gene information to taxonomists studying the ichneumonid subfamily, 
Campopleginae. 
Introduction  
Parasitoid wasps, which kill their host in order to complete development, constitute the world‟s 
most species-rich parasitoid arthropod guild. However, the extent of the diversity of this group is 
unknown and a combination of ecological, morphological and molecular studies are uncovering 
numerous morphologically and ecologically cryptic species, steadily and dramatically increasing 
the number of species known to science (Kankare et al., 2005; Smith et al., 2008; Fernández-
Triana, 2010; Smith et al., 2011; Rodriguez et al., 2013; Fernández-Triana et al., 2014).  
A standardized molecular marker for species-level identification, and frequently, for 
discovery of cryptic species, is a region of the mitochondrial gene, cytochrome c oxidase I (COI), 
the product of which is a key enzyme in the respiratory pathway. This region is an effective 
species-level discriminator and is dubbed a “DNA barcode” (Folmer et al., 1994; Hebert et al., 
2003; Janzen et al., 2009). Recent projects involved in barcoding parasitoid food webs using COI 
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have significantly increased estimates of parasitoid species numbers by exposing the prevalence 
of morphologically cryptic species. (Smith et al., 2008, 2011, 2013; Stahlhut et al., 2013; 
Fernandez-Triana et al., 2014). Using molecular data to delimit species is rapid and becoming 
affordable for ecological and taxonomic applications.  
COI barcode sequences can be combined with morphological, host and micro-
geographical data collected by long term rearing studies such as those carried out at the Area de 
Conservación Guanacaste (ACG) in northwestern Costa Rica (Janzen et al., 2009, 2011). 
Concordance among these data results in accurate inference of species limits and provides insight 
into the tri-trophic interactions occurring in these ecosystems. The availability of these data also 
provides an excellent foundation for work investigating additional diagnostic traits that could be 
used in species delimitation in these organisms.  
The genus Hyposoter (Hymenoptera: Ichneumonidae) has been extensively sampled in 
the ACG and due to the rate of discovery, many species including those examined in this study, 
remain undescribed. Intriguingly, all species of this genus display extreme specialization in both 
ecological traits as well as taxonomic entities. For example, Hyposoter INB-42DHJ04 has been 
reared 89 times from a set of 17 ecologically similar caterpillar species in the subfamily 
Eudaminae (Lepidoptera: Hesperiidae) and never from any other of the many thousands of 
species of ACG caterpillars (600,000+ individuals) which have been reared to date and are all 
large enough to be a host for Hyposoter. Another species, Hyposoter INB-12, parasitizes only 
early instars of palm-eating brassoline Nymphalidae, and penultimate and ultimate instars of 
hesperiine Hesperiidae. Though these caterpillars are from different families, they are the same 
size and they feed on the same palm leaves in the same rain forest understory habitat. Like H. 
INB-42DHJ04, H. INB-12 does not parasitize species in any other subfamily or family of 
caterpillars eating the same palm leaves, or the thousands of other species and taxa feeding on 
other species of plants in the same microhabitat. Total host records are available for these species 
at http://janzen.sas.upenn.edu, a dynamic database that increments annually.  
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Though COI provides accurate resolution of species in a wide range of arthropod taxa, it 
is generally acknowledged that combining several different molecular loci, ideally from both the 
mitochondrial and nuclear genomes, improves the confidence with which species delimitations 
can be made and phylogenies inferred (Caterino et al., 2000; Lin & Danforth, 2004; Whitfield & 
Kjer, 2008). However, the most commonly used nuclear markers (e.g. elongation factor 1 alpha 
and 18S) evolve too slowly to resolve recent radiations (Caterino et al., 2000). The internal 
transcribed spacer 2 (ITS2) has been included in studies of a number of organisms which 
demonstrate its resolving power at the species level (e.g. fig wasps and lycaenid butterflies) 
(Wiemer et al., 2009 & Darwell et al., 2014). However, this rapidly evolving nuclear DNA 
fragment is an intron and therefore does not code for an evolutionarily relevant protein. With our 
study we investigate sequence variation in nuclear protein coding genes that are involved in the 
success of parasitoidism in the genus Hyposoter.  
Examples of genes that are critical to the survival of the wasp larvae include those 
present in polydnavirus (PDV) genomes integrated into the chromosomes of tens of thousands of 
species of Ichneumonoidea (Beckage & Drezen, 2012; Fleming & Summers, 1991; Webb & 
Strand, 2005; Xu & Stoltz, 1991). PDVs are found in a range of subfamilies of Braconidae in the 
“microgastroid complex” and two subfamilies of Ichneumonidae (Campopleginae and some 
species of Banchinae) and are named Bracoviruses (BV) and Ichnoviruses (IV) respectively 
(Stoltz et al., 1984; Webb et al., 2000). These mutualistic viruses are produced in the calyx tissue 
in the reproductive tract of the female wasp and are injected into the host during oviposition 
(Stoltz & Vinson, 1979). Inside the host they express products that alter host physiology 
preventing encapsulation of the parasite egg, thereby allowing the development of the larval 
parasite (Shelby & Webb, 1999). Genes from the IV cys-motif family are distinctive for 
containing a motif comprising conserved cysteine residues and highly variable non-cysteine 
amino acids (Dib-Hajj et al., 1993). Li & Webb (1994) demonstrated that the expression of cys-
motif genes inhibits host cellular immunity through a reduction in the encapsulation response and 
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Fath-Goodin et al. (2006) showed that cys-motif proteins disrupt host development. Additionally, 
rep genes, distinctive in having a conserved 540bp repeated element motif (Theilmann & 
Summers, 1987), make up roughly 50% of all IV genes discovered to date (Tanaka et al., 2007), 
suggesting that they too may play an important role in parasitoid virulence.  
In this study we target nuclear IV genes to investigate whether the sequences of these 
genes are species-specific and if so, how much they vary among and within species, and how 
this variation compares with variation in the COI barcodes that have been (and are being) 
generated within the ACG. In order to test whether IV genes vary among or within species, we 
designed primers to target two cys-motif genes and one rep gene from species of Hyposoter, 
genes that we refer to as Cys-d9.2, Cys-d9.1, and Rep-c18.2. We hypothesized that IV genes 
may be evolving at a higher rate than COI. Therefore we compared interspecific variation in 
COI and Cys-d9.2 sequences, and examined the ratio of non-synonymous to synonymous 
nucleotide substitutions in each of the genes. We also hypothesized that because IV genes 
disrupt host physiology they may vary intraspecifically in association with host use. We 
therefore chose to investigate two species, H. INB42-DHJ04 and H. INB-12, which exhibit 
different degrees of host-specificity, with the capacity to successfully parasitize different genera 
from the same subfamily of hosts, and multiple genera from two different families of 
Lepidoptera, respectively.  
 
Materials and Methods  
Taxon Sampling. Ethanol-preserved specimens of seven species of Hyposoter reared by the 
parasitoid inventory of ACG, in northwestern Costa Rica (Janzen et al., 2009, 2011) and housed 
at the American Entomological Institute, Florida (AEI), were used. DNA from additional reared 
specimens of two species (H. INB42-DHJ04 and H. INB-12) was then sourced directly from the 
Barcode of Life Data Systems (BOLD – Ratnasingham & Hebert, 2007). Hyposoter INB-
42DHJ04 and H. INB-12 were chosen based on their documented host ranges 
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(http://janzen.sas.upenn.edu and to be included in a Hyposoter revision in prep.) which constitute 
multiple genera from one subfamily, Eudaminae (Lepidoptera: Hesperiidae) and multiple genera 
from two different families of Lepidoptera (Hesperiidae and Nymphalidae) respectively. The 
specimens are listed in Supplemental Appendix I along with host records and individual voucher 
codes (http://janzen.sas.upenn.edu), the genetic loci sampled and their corresponding GenBank 
accession numbers. We also included published PDV gene data from Hyposoter fugitivus (Say, 
1835) and Tranosema rostrale (Brishke, 1880), both available on GenBank, in our analyses.  
Genetic Loci & Primer Design. Ichnovirus genome sequences from H. fugitivus and H. didymator 
(unpublished, provided by Dr. A-N Volkoff, University of Montpellier, France) were separately 
aligned for genes from the rep and cys-motif families using MAFFT (v.7, Katoh & Standley, 
2013). Homologous pairs of genes were identified by eye and primers were designed from 
conserved regions of these homologous pairs using Primer3 (Rozen & Skaletsky, 1999) to 
amplify a region of two cys-motif genes, “cysteine motif gene-d9.2”and “cysteine motif gene-
9.1”and a region of one rep gene, “repeat element protein-c18.2” (Tanaka et al., 2007), which we 
refer to as Cys-d9.2, Cys-d9.1 and Rep-c18.2 respectively.  
For comparative analyses, FASTA files for the barcode region of COI were obtained 
from BOLD for all specimens (Supplemental Appendix I).  
 
Molecular Biology 
DNA Extraction: DNA was extracted from 52 specimens using a glass-fibre extraction protocol 
(Ivanova et al., 2006) and the DNA was re-suspended in 30 μL of ddH2O. For 12 additional 
specimens DNA was extracted using a Qiagen DNeasy extraction kit following the 
manufacturer‟s protocol for animal tissue.  
PCR Amplification & Sequencing: The DNA barcode region of cytochrome c oxidase I (COI)  
(a 658bp region near the 5‟ terminus of the COI gene) was amplified using standard insect 
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primers LepF1 (5‟-ATTCAACCAATCATAAAGATATTGG -3‟) and LepR1 (5‟-
TAAACTTCTGGATGTCCAAAAAATCA -3‟) following established protocols (as in Smith et 
al., 2009). If amplification of the full-length barcode region failed, secondary amplifications, 
using overlapping mini-barcode amplifications, were conducted following protocols in Smith et 
al. (2009). All sequence and trace files associated with the individual specimen records can be 
retrieved from the Barcode of Life Data System (BOLD, www.barcodinglife.org, Ratnasingham 
& Hebert, 2007). All sequence data and accessions (including GenBank) are available on BOLD 
in the public dataset dx.doi.org/10.5883/DS-ASHYPO [DOI not yet active – GenBank accessions 
are in attached .xlsx Supplemental Appendix I]. Cys-d9.2 was amplified from eight species (64 
specimens) of Hyposoter and Cys-d9.1 and Rep-c18.2 were amplified from 20 and 21 specimens 
of H. INB-12 respectively. PCR amplifications of these regions were performed using Takara 
reagents in a total reaction volume of 25 μL consisting of 1X buffer, 0.3 mM dNTPs, 0.4 μM of 
forward and reverse primers and 0.625 U of Takara Ex Taq Polymerase, ddH₂O and 1μL 
template DNA. The thermal cycler protocol included an initial denaturation for 1 minute at 94 °C. 
Each of the 35 cycles began with an additional denaturation period of 30 seconds at 94 °C 
followed by annealing for 45 seconds at a temperature that varied according to the primers used 
(listed in Table 1) followed by extension, carried out at 72 °C for 1 minute. A final extension 
period of 7 minutes at 72 °C concluded the reactions. Gel electrophoresis was used to determine 
the success of the PCR, using 4 μL of PCR product on a 2.5 % agarose gel stained with ethidium 
bromide. PCR products deemed successful were sent to either the Advanced Genetics 
Technology Centre (University of Kentucky, Lexington, KY) or Beckman Coulter Genomics 
(Danvers, MA) for Sanger sequencing. Cycle sequencing of sequence strands was carried out 
using labeled dideoxy-nucleotides with ABI 3730, Big-Dye Terminator Mix v. 3.0 or with ABI 
PRISM 3730xl, Big-Dye Terminator Mix v. 3.1 (Applied Biosystems, Foster City, California, 
USA). Sequences are accessible on GenBank (see Supplementary Appendix I for Accession 
Numbers).  
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Sequence Analysis 
Alignment: Sequences of Cys-d9.2 obtained from the eight species of Hyposoter were combined 
with the sequences of H. fugitivus and T. rostrale. MAFFT was used to provide the initial 
alignment. The intron located in the middle of the sequenced region (Tanaka et al., 2007) was 
then excluded and the alignment of the exon was adjusted by hand in BioEdit (Hall, 1999) and 
MacClade (v. 4.08, Maddison & Maddison, 2000) using the amino acid translations as a guide. 
Only the exon was used in the following analyses. Evolutionary Model Assignment: The 
nucleotides of the aligned sequences were assigned codon positions using MacClade and the first, 
second and third positions were extracted in PAUP* (v. 4.0β10; Swofford, 2002). These 
partitions were subjected to separate analyses in jModelTest (v.2.1.4; Posada, 2008) and the 
evolutionary model with the lowest Bayesian Information Criterion (BIC; Schwarz, 1978) value 
was selected for each partition.  
Tree Building: Aligned sequences were then subjected to Bayesian inference (BI) phylogenetic 
analysis with MrBayes (v. 3.1.2; Huelsenbeck & Ronquist, 2001; Ronquist & Huelsenbeck, 2003) 
with default settings incorporating the three partitions with their respective models. Two 
independent searches of the BI analysis with four search chains were run for 5 million 
generations, sampling trees every 500 generations with default settings. The tree of highest 
posterior probability (= maximum a posteriori or MAP tree) was calculated from the 5001 post-
burn-in trees. Bayesian inference analyses (as above) were also conducted on COI sequences and 
a concatenated data set comprising COI and Cys-d9.2 sequences with the appropriate alterations 
to their corresponding Bayes command blocks. Because the COI and Cys-d9.2 data sets are 
composed of sequences from the same specimens, the concatenated data set had no missing 
sequences.  
Pair-wise Distance Comparisons: PAUP* was used to calculate uncorrected pair-wise distances 
between unique sequences of the nine species of Hyposoter and between all sequences of species 
H. INB-42DHJ04 and H. INB-12 for both Cys-d9.2 and COI and all sequences of H. INB-12 for 
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Cys-d9.1 and Rep-c18.2 (Supplementary Tables 1-3).  
Assessment of the ratio of non-synonymous to synonymous nucleotide substitutions (ω): The 
codeml program in PAML (v. 3.14; Yang, 1997) was employed to assess the value of ω for each 
codon in both the COI and Cys-d9.2 data sets. The MAP trees produced by the BI analysis of 
COI, Cys-d9.2 and the concatenated data set were pruned to include only taxa with unique 
sequences and were used as the input trees for the analyses. As the tree topology is predicted to 
affect the accuracy of the assessment of ω (Hughes, 2007) we tested the robustness of our results 
by using each of the three tree topologies to conduct separate analyses of Cys-d9.2. Branch 
lengths for each tree were calculated using only Cys-d9.2 sequences under the maximum 
likelihood (ML) criterion in PAUP*. The codeml model M8 (Yang et al., 2000) was employed 
and the output of the analysis provided a list of codons that have a ratio of ω that exceeds 1 with 
their corresponding posterior probabilities. Codons with ω > 1 and posterior probabilities 
exceeding 0.95 and 0.99 are highlighted on the amino acid alignment of Cys-d9.2 shown in 
Figure 5.  
 
Results  
Our results demonstrate that each species of Hyposoter examined has a unique Cys-d9.2 
sequence. However, the degree to which these sequences vary depends on the particular 
interspecific pair-wise comparison. We also found that all three IV genes appear to be highly 
conserved within species of Hyposoter, showing no sequence variation associated with the host 
species parasitoidized.  
Species delimitation using COI barcode data  
A Bayesian phylogenetic analysis of nine species of Hyposoter with T. rostrale as the outgroup 
produced the MAP tree shown in Figure 1. This analysis provides good support for the 
monophyly of H. INB-42DHJ04 and H. INB-12, which have been delimited by the ACG 
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inventory, using a combination of ecological (host data and micro-geography), morphological and 
COI sequence data. The species of host from which each of the specimens were reared is shown 
in parentheses after the specimen name indicating the known host range of each species.  
Species delimitation using Cys-d9.2 data  
The MAP tree produced from a Bayesian phylogenetic analysis of the region of Cys-d9.2 is 
illustrated in Figure 2. Utilizing the same specimens as those in Figure 1, the trees are directly 
comparable and provide a similar result with incongruence in interspecific relationships likely 
due to the different selection pressures on each of the genes. This tree demonstrates that Cys-d9.2 
sequences vary among species of Hyposoter but are conserved among specimens of the same 
species.  
Pair-wise distances of COI and Cys-d9.2 sequences  
Uncorrected pair-wise distances were calculated interspecifically for COI and Cys-d9.2 and 
intraspecifically for COI, Cys-d9.2, Cys-d9.1 and Rep1. Figure 3 illustrates each interspecific 
pair-wise comparison for each species for both COI and Cys-d9.2 sequences. The pair-wise 
distances between COI sequences consistently fall between 5% and 15% (with one exception 
where the distance is only 2.5%) whereas the distances between Cys-d9.2 gene sequences show a 
greater range in variation, with some less than 2% and others around 20%. In the majority of the 
comparisons, when COI sequence variation is high, Cys-d9.2 variation is higher and when COI 
sequence variation is low, Cys-d9.2 variation is lower. Exceptions to this pattern can be found in 
two of the comparisons for H. PRO-7. In this species, the pairwise distances to H. fugitivus and to 
H. INB-12 are very low between COI sequences but very high between Cys-d9.2 sequences. 
Among specimens of the same species, IV gene sequences are identical therefore intraspecific 
pair-wise distances are zero in each case while COI sequences vary by 0-3 base pairs (as 
interpreted by BOLD from trace files) within species.  
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The ratio of non-synonymous to synonymous nucleotide substitutions in COI and Cys-d9.2  
The ratio of non-synonymous to synonymous nucleotide substitutions (ω) was assessed for each 
codon in the COI and Cys-d9.2 sequences. The number of codons in which ω > 1 is far higher in 
Cys-d9.2 than in COI, with a total of 13 out of a possible 98 PDV amino acids predicted as 
having undergone more non-synonymous than synonymous substitutions with posterior 
probabilities greater than 0.95 (Fig. 5). These inferences are robust to tree topology, since we 
used the MAP trees from the BI analyses of the Cys-d9.2 gene, COI and the concatenated data set 
with the results varying only slightly. One fewer codon position was calculated to have ω > 1 
with statistical significance when using the Cys-d9.2 tree as input than when using the 
concatenated tree as input. When using the COI tree as input, codeml calculated that one extra 
codon has ω > 1 with statistical significance and the significance of the posterior probability of a 
second codon with ω > 1 was increased from 0.95 to 0.99 compared with the results from the 
analysis with the concatenated tree. In comparison, there were no codons in the COI sequence 
that exhibited ω > 1 with statistical significance. 
Discussion  
Parasitoid Hymenoptera are of great interest to biologists, ecologists and conservationists due to 
their diversity and the influence they have on terrestrial ecosystems. In order to improve our 
understanding of these organisms, it is necessary to accurately identify species. This task is 
complicated greatly by the presence of morphologically and ecologically cryptic species. In the 
absence of morphologically distinguishing characters, molecular markers offer a wealth of 
evidence towards accurately resolving what a species is quickly and cost-effectively. Genes with 
this capacity are therefore of great value. In this study we examined nuclear PDV gene loci in 
Hyposoter parasitoid wasps, exploring their potential as additional markers for species resolution 
in this genus.  
Separate phylogenies constructed using COI and the IV gene, Cys-d9.2, for nine species 
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of Hyposoter (Figs. 1 & 2) resulted in the accurate resolution of both H. INB42DHJ04 and H. 
INB-12. Figure 2 clearly illustrates that Cys-d9.2 varies among species of Hyposoter, with clades 
of specimens of H. INB-42DHJ04 and H. INB-12 showing no variation among specimens of the 
same species. Cys-d9.1 and Rep-c18.2 were also sequenced from the specimens of H. INB-12 and 
were also identical. These results demonstrate that each wasp species has evolved a unique IV 
gene which is highly conserved intraspecifically regardless of whether a single species of wasp 
has just one species of host, or a defined small and distinctive set of species of hosts among the 
thousands of potential host species. The phylogenies inferred by each of the genes are not entirely 
consistent with each other. Therefore the addition of Cys-d9.2 sequence data to phylogenetic 
analyses of Hyposoter could provide further insight to the evolutionary relationships among 
species of this genus.  
Comparing interspecific pair-wise distances in Cys-d9.2 and COI sequences 
demonstrates that the variation in the mitochondrial gene is narrower across all comparisons 
with a maximum of about 15%. The nuclear IV gene exhibits a greater range of variation, 
reaching 20% in some comparisons. Figure 3 illustrates that when variation between COI 
sequences is high, variation between Cys-d9.2 sequences is higher and when COI sequences 
show less variation, the variation between Cys-d9.2 sequences is lower. However, in two 
instances the nuclear IV gene shows much greater variation than COI, highlighting the value of 
combining multiple molecular loci to examine species limits. In addition, 14% of the codons in 
the Cys-d9.2 sequence have a ratio of non-synonymous to synonymous nucleotide substitutions 
greater than 1, with statistical significance. Interestingly, the majority of these non-synonymous 
substitutions occur outside of the cysteine motif domain, which is highly conserved across 
species. Whether the high prevalence of non-synonymous substitutions in the surrounding 
regions is due to positive selection or relaxed purifying selection remains uncertain (see 
discussion in Hughes, 2007).  
In summary, we show that the PDV gene Cys-d9.2 varies among species of Hyposoter 
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and that it has a wider range of interspecific variation than the barcode region of COI. Cys-d9.2, 
Cys-d9.1 and Rep-c18.2 are all conserved intraspecifically, showing no sequence variation 
associated with the species of host used. These results indicate that Cys-d9.2 has the power to 
accurately distinguish these species and provides good support for the use of this region as an 
additional molecular marker at the species level within the genus Hyposoter.  
Cys-motif genes are present in all four campoplegine IV genomes sequenced to date 
(Tranosema rostrale, Campoletis sonorensis, Hyposoter fugitivus and H. didymator) (Webb et al., 
2006; Tanaka et al., 2007 & Dorémus et al., 2014) and molecular data obtained for these genes 
may prove useful in species level systematics and phylogenetics in this subfamily. However, in 
order to amplify these genes, PDV sequence data must be obtained to provide a template from 
which PCR primers can be designed, and because PDV genes are fast evolving it may be 
necessary to design unique primers in disparate taxa. The extent of species diversity in the 
subfamily Campopleginae remains unknown and PDV gene sequences will likely prove to be a 
highly valuable integrative tool for taxonomists and phylogeneticists studying this group.  
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Table 2.1. Details of primers including sequences and annealing temperatures. The annealing 
temperatures for primer pair Cys_43392 were variable. In order to amplify DNA from specimens 
of H. INB12 and H. PRO7, Cys_43392 Fwd was paired with Rev1, with the appropriate 
annealing temperature either 52°C or 56°C depending on the specimen. DNA from specimens of 
the remaining species was amplified using Cys_43392 Fwd paired with Rev2 with an annealing 
temperature of 50°C.  
Gene  Primer Pair  Primer Sequences  
Annealing 
Temp. 
Cys-d9.2  Cys_43392  Fwd: CACRCAATGCTGTGGASTTT  
Rev1: ATGCTATTAAGAGGTTGGCACA 
Rev2: TGTGGAGTYATCAACCATC  
52 or 56 °C 
50 °C  
Cys-d9.1  Cys_43491  Fwd: TGCTGRAWGGTTTCCACGTTA  
Rev: CGTTASGAACCWTCTGCA  49 °C  
Rep-c18.2  Rep_341c18b  Fwd: ACGGAGAACMAATAGAGATCSAGTA 
Rev: TACGTGATTGGAGCAGTAGTGR  49 °C  
20 
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Figure 2.1. MAP tree from a Bayesian analysis of COI data. The “Specimen” code is the last five 
digits of the full voucher code of the form DHJPAR00xxxxx, which must be used to search for 
the full record at http://janzen.sas.upenn.edu. BOLD also uses this code as the sample ID. The 
hosts from which the specimens were reared are shown in parentheses. Asterisks denote 
Brassolinae in the family Nymphalidae, while all other hosts are Hesperiidae (Hesperiinae for H. 
INB-12, Eudaminae for the others).  
22 
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Figure 2.2. MAP tree from a Bayesian analysis of the Cys-d9.2 exon. The “Specimen” code is 
the last five digits of the full voucher code of the form DHJPAR00xxxxx, which must be used 
to search for the full record at http://janzen.sas.upenn.edu. BOLD also uses this code as the 
sample ID.  The hosts from which the specimens were reared are shown in parentheses. 
Asterisks denote Brassolinae in the family Nymphalidae, while all other hosts are Hesperiidae 
(Hesperiinae for H. INB-12, Eudaminae for the others).  
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Figure 2.3. The range of interspecific pair-wise distances for each of the species. Distances 
between COI sequences are on the left of each graph and distances between Cys-d9.2 sequences 
are on the right. Dashed lines link the distances of COI and Cys-d9.2 sequences for each pair of 
species. 
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Chapter 3: Key to the species of Megarhyssa (Hymenoptera: Ichneumonidae: Rhyssinae) in 
America, north of Mexico  
 
Statement of Authorship 
This chapter is a published research article:  
Pook, V. G., Sharkey, M. J. & Wahl, D. B. (2016).  Key to the species of Megarhyssa 
(Hymenoptera: Ichneumonidae: Rhyssinae) in America, north of Mexico. Deutsche 
Entomologische Zeitschrift, 63:137-148. 
 
The license may be found at http://creativecommons.org/licenses/by/4.0/legalcode 
 
This article has been modified in the following ways before incorporation into this dissertation: 
- a phylogenetic analysis of DNA sequence data was added to the „Materials and Methods‟ 
section with the resulting tree displayed in Figure 3.9.  
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Abstract 
A dichotomous and an interactive key to the species of Megarhyssa (Hymenoptera: 
Ichneumonidae) in America, north of Mexico are presented. A diagnosis accompanied by images 
is provided for male and female wasps of each of the four species, Megarhyssa atrata, 
Megarhyssa greenei, Megarhyssa macrurus and Megarhyssa nortoni. 
 
Introduction 
The subfamily Rhyssinae Morley, of the „pimpliformes‟ Ichneumonidae (Order: Hymenoptera), is 
found worldwide and comprises 234 described species in eight genera (Yu et al., 2012). Though 
hypothesized to have originated in the northern hemisphere (Wahl & Gauld, 1998), the diversity 
of this subfamily is heavily biased to the tropics with nearly half of the species belonging to the 
circumtropical genus, Epirhyssa Cresson, 1865 (Yu et al., 2012). Rhyssinae are generally large in 
size and some of the most impressive specimens occur in the cosmopolitan genus Megarhyssa 
Ashmead (Hymenoptera: Ichneumonidae: Rhyssinae). The majority of the 37 described species in 
this genus occur in the Oriental region and the Eastern Palearctic. A handful of species occur in 
each of the following regions: Western Palearctic, Nearctic and Australasian; with one record for 
both the Neotropical (Chiapas) and Afrotropical regions (Yu et al., 2012). 
 Though only four species of Megarhyssa occur in the Nearctic (Yu et al., 2012), they are 
a common sight in the forests of the United States and Canada. Members of this genus are 
ectoparasitoid idiobionts of wood-boring siricid larvae (Townes, 1969) and one species, M. 
nortoni (Cresson), is an effective biocontrol agent employed by the National Sirex Coordination 
Committee to control the invasive woodwasp, Sirex noctilio Fabricius (Hymenoptera: Siricidae). 
Characteristics such as their bright coloration and large size place these spectacular insects among 
the „charismatic megafauna‟ of the arthropod world, often capturing the attention of hobbyists 
and nature enthusiasts. Given the frequency with which non-specialists encounter and work with 
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species of Megarhyssa, image-rich dichotomous and interactive keys will increase the accuracy 
of identifications. 
 The four species of Megarhyssa found in the United States and Canada are broadly 
distributed across the region (Townes and Townes, 1960; Carlson, 1979). The only species native 
to more southern regions is Megarhyssa macrurus (Linnaeus) which is also found in Mexico 
(Townes and Townes, 1960). In addition, Megarhyssa nortoni now occurs in Australia, New 
Zealand and South Africa where it was introduced as a biological control agent (Taylor, 1976; 
Bartlett et al., 1978; Taylor, 1978; Haugen and Underdown, 1990; Tribe and Cillié, 2004; Hurley 
et al., 2007). Siricid wood wasps native to north America are the common hosts of each of the 
four species (Beaulne, 1939; Carlson, 1979; Champlain, 1922; Heatwole and Davis, 1965; 
Hopkins, 1893; Nénon, 1995; Stillwell, 1967; Townes, 1944; Townes and Townes, 1960; 
Treherne, 1916) with M. nortoni also parasitizing the invasive wood wasp, Sirex noctilio 
(Carlson, 1979; Nuttall, 1980; Valentine and Walker, 1991; Vincent and King, 1995). 
 A key to the genera of Nearctic Rhyssinae, illustrated with high quality color images, is 
available online at http://www.amentinst.org/GIN/Rhyssinae. Here, we present a key to the four 
Nearctic species, designed for use by non-specialists. We have adopted some characters from 
previous keys (Merill, 1915; Townes & Townes, 1960) in addition to creating our own when 
necessary. This key will be linked to the website of the American Entomological Institute where 
it will complement its generic key. It will also be advertised on the popular website 
www.bugguide.net to promote its use by the general public.  
  
Materials and Methods 
Key Building: Type specimens for each species were checked for the diagnostic morphological 
characters assigned by Merill (1915) and Townes & Townes (1960). A broad range of specimens 
from the hundreds of Megarhyssa housed in the Kentucky and American Entomological Institute 
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collections were examined. Characters included in the keys were chosen based on the ease with 
which they could be assessed by a non-specialist. 
Phylogenetic Analysis: DNA sequence data for the barcode region of the gene cytochrome c 
oxidase subunit I (COI) for at least one specimen of each of the four species of Megarhyssa was 
downloaded from BOLD Systems. COI data for the species Rhyssa howdenorum was also 
downloaded for the purpose of using this taxon as an outgroup. All the sequences were aligned 
using Clustal W (Thompson et al., 1994) and checked by eye. A maximum likelihood (ML) tree 
was generated using GARLI (v. 2.0 Zwickl 2006) using the GTR+G+I model of nucleotide 
substitution (Rodriguez et al., 1990) and the default settings. A 200-replicate ML bootstrap 
analysis (Felsenstein, 1985) was then conducted using default settings. We used the most 
complex nucleotide model available as per recommendations of Huelsenbeck & Rannala (2004) 
for likelihood-based analyses.  
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Key to Species 
Females. 
1.  A. Metasoma melanic (blackish-brown) and lacking yellow markings; ovipositor sheath 
 about 3.7 times as long as fore wing…………………………………M. atrata (Fabricius) 
 B. Metasoma ranging from brown to reddish-brown with conspicuous bright yellow 
 markings; ovipositor sheath 1.8 to 3 times as long as fore wing…….2 
 
 
2. A. Well-defined, yellow, roundish spot on each of tergites 4-6….......M. nortoni (Cresson) 
 B. Angled yellow bands on each of tergites 4-6……………………..3 
 
 
3. A. Vertical black stripe on face below each antennal socket; ovipositor sheath about 3 
 times as  long as fore wing……………………..……………….M. macrurus (Linnaeus) 
 B. Vertical stripes on face absent; ovipositor sheath about 1.8 times as long as fore wing 
 .….…………………..…………………………………………..M. greenei Viereck 
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Males. 
1. A. Fore wing marked with brown patch at base of cell 2R1.…….M. macrurus (Linnaeus) 
 B. Fore wing lacking brown patch at base of cell 2R1…..……….2  
 
 
2. A. Mesopleuron blackish brown with yellow spot below wing insertion, no additional 
 yellow  markings……………………………………….………..…M. nortoni (Cresson) 
 B. Mesopleuron ranging from blackish brown to reddish- brown, yellow spot below wing 
 insertion and additional yellow markings………….………….……3 
 
 
3. A. Mesosoma color reddish-brown and yellow......................................M. greenei Viereck 
 B. Mesosoma color blackish-brown and yellow.…………………..M. atrata (Fabricius) 
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Taxonomy 
(Modified from Merrill, 1915; Townes et al., 1960,) 
 
Megarhyssa Ashmead, 1900 
Characters diagnostic of Megarhyssa include the presence of a petiolate triangular areolet on the 
fore wing, a longitudinal ridge on the trochantellus of the middle leg and lateral tubercles on the 
apical margin of the clypeus. In addition, tergites 3-5 of female Megarhyssa are smooth to 
punctate and sternites 2-6 possess a pair of tubercles close to the anterior sternal margin. Male 
Megarhyssa have a strong setiferous groove which is close to and paralleling the apical 0.7 of the 
ventral interior margin; and tergites 3-6 are strongly concave apically and possess a median apical 
or subapical longitudinal submembranous area. These male specific characters are not well 
developed in small specimens and they may key to the genus Rhyssella (Townes and Townes, 
1960). 
 
Megarhyssa atrata (Fabricius)  
Figs. 3.1–3.2 
 Ichneumon atratus Fabricius, 1781. Species Insectorum, v. 1, p. 436.  
Ichneumon tenebrator Thunberg, 1822; 1824. Acad. Imp. des Sci. St. Petersburg, Mem. 
8: 266; 9: 322. Unnecessarily proposed n. name for atratus Fabricius.  
 Rhyssa laevigata Brullé,1846. In Lepeletier, Hist. Nat. Ins. Hym., v. 4, p. 78. 
Megarhyssa atrata lineata Porter, 1957. Ent. News 68: 206. Synonymized by Carlson 
(1979)  
Geographic Range: Eastern Nearctic to about longitude 100° W (Townes and Townes, 1960). 
Hosts: Tremex columba (Hopkins, 1893; Treherne, 1916; Beaulne, 1939; Townes, 1944; Nénon, 
1995) 
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Diagnosis 
Female: Head and antenna mostly yellow, may or may not have a dark spot above the clypeus. 
Mesosoma and metasoma black. Mesosoma sometimes with a small yellow spot on posterodorsal 
corner of pronotum, rarely with yellow markings. Fore wing 15 to 30 mm long; wings infuscate 
or entirely black. Ovipositor sheath about 3.7 times as long as forewing. 
Females may be distinguished from the other species occurring in the USA and Canada by their 
body color. 
Male: Head yellow, may or may not have a dark spot above the clypeus. Mesosoma yellow and 
blackish brown; metasoma very dark brown to black with a yellow mark on the hind margin of 
the first tergite; wings hyaline, fore wing 16 to 22 mm long. 
Males may be distinguished from M. macrurus by the evenly darkened fore wing and the lack of 
a brown patch at the base of cell 2R1; from M. nortoni by the additional yellow markings on the 
mesopleuron; and from M. greenei by the color of the mesosoma. 
 
Megarhyssa greenei Viereck, 1911 
Figs. 3.3–3.4 
Megarhyssa greenei Viereck, 1910. In Smith, N. J. State Mus., Ann. Rpt. for 1909, p. 
627. Nomen nudum. 
 Megarhyssa greenei Viereck, 1911. U. S. Natl. Mus., Proc. 40: 191. 
 Megarhyssa greenei floridana Townes, 1960. U. S. Natl. Mus. Bul. 216 (pt. 2): 424.
 Synonymized by Carlson (1979). 
Geographic Range: Most specimens are found in the eastern Nearctic to about longitude 96° W, 
with some found as far west as Wyoming (Townes and Townes, 1960). 
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Hosts: Tremex columba (Townes, 1944; Townes and Townes, 1960; Heatwole and Davis, 1965; 
Stillwell, 1967). 
 
Diagnosis 
Female: Head mostly yellow; mesosoma reddish-brown and yellow. Metasoma reddish-brown, 
each tergite with an angled yellow band; bands on the third and following tergites interrupted on 
the midline. Fore wing 12 to 27 mm long. Wings hyaline and the fore wing usually with a large 
brown patch at the base of cell 2R1. Ovipositor sheath about 1.8 times as long as fore wing. 
Females can be distinguished from M. atrata by their reddish-brown and yellow body color; from 
M. nortoni by the angled yellow bands on their metasoma; and from M. macrurus by the lack of 
vertical stripes on the face. 
Male: Head mostly yellow; mesosoma reddish-brown and yellow; metasoma reddish-brown with 
yellow and black markings on first two or three tergites. Wings hyaline; fore wing 10 to 16 mm 
long. 
Males can be distinguished from M. atrata by their mesosoma color; from M. nortoni and M. 
macrurus by the lack of vertical stripes on the face. 
 
Megarhyssa macrurus (Linnaeus, 1771) 
Figs. 3.5–3.6 
There are three subspecies: 
Megarhyssa macrurus icterosticta Michener 
 Megarhyssa lunator icterosticta Michener, 1939. Pan-Pacific Ent. 15: 130. 
Megarhyssa macrurus lunator (Fabricius) 
 Ichneumon lunator Fabricius, 1781. Species Insectorum, v. 1, p. 430.  
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 Thalessa? histrio Kriechbaumer, 1890. Wien, Mus. der Naturgesch., Ann. 5: 487. Preocc. 
 in Megarhyssa by Ichneumon histrio Christ, 1791. 
Megarhyssa macrurus macrurus (Linnaeus) 
 Ichneumon macrurus Linnaeus, 1771. Mantissa Plantarum, v. 2, p. 540. 
 Ichneumon georgicus Megerle, 1803. Appendix ad Cat. Ins., Quae Mense Novembris 
 1802 Vienne Austriae Auctionis Lege Vendita Fuere, p. 16. 
 Megarhyssa lunatrix Schulz, 1906. Spolia Hym., p. 115. Emendation. 
 Megarhyssa lunator phaeoptila Michener, 1939. Pan-Pacific Ent. 15: 129. 
Note: The specific epithet macrura is commonly applied to this species, however the name 
macrurus was interpreted by Townes (1944) and Townes and Townes (1960) as a noun and 
therefore is not required to match the gender of the genus name. 
Geographic Range: M. macrurus icterosticta is found in Arizona, Colorado, New Mexico, and 
Utah. M. macrurus lunator ranges across the eastern Nearctic to the eastern slopes of the Rocky 
Mountains. M. macrurus macrurus extends from Florida to south-western Texas, and has been 
collected in Mexico (Chihuahua). 
Hosts: Tremex columba (Carlson, 1979). 
 
Diagnosis: 
Female: Head yellow and dark brown, with two vertical stripes on face, one below each antennal 
socket. Mesosoma and metasoma ranging from dark brown to reddish-brown and yellow. Each 
tergite with an angled yellow band interrupted on the third to sixth tergites. Wings hyaline with 
brown patches; fore wing 18 to 29 mm long. Ovipositor sheath about 3.0 times as long as fore 
wing. 
Females can be distinguished from M. atrata by their body color; from M. nortoni by the angled 
yellow bands on the tergites; and from M. greenei by the vertical stripes on the face. 
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It should be noted that Carlson (1979) did not separate M. macrurus lunator from M. macrurus 
macrurus. 
Male: Head yellow and dark brown, with two vertical stripes on face, one below each antennal 
socket. Mesosoma yellow and blackish brown, metasoma brown, first and second tergites with a 
short yellow band on hind margin. Wings hyaline, fore wing 7 to 21 mm long with a brown patch 
at the base of cell 2R1. 
Males can be distinguished from the other species occurring in the USA and Canada by the brown 
patch at the base of cell 2R1 of the fore wing and the presence of two vertical stripes on the face. 
 
Megarhyssa nortoni (Cresson, 1864) 
Figs. 3.7–3.8 
There are two subspecies: 
Megarhyssa nortoni nortoni (Cresson) 
 Rhyssa nortoni Cresson, 1864. Ent. Soc. Phila., Proc. 3: 317. 
 Megarhyssa nortonii Dalla Torre, 1901. Cat. Hym., v. 3, p. 481. Emendation. 
Megarhyssa nortoni quebecensis (Provancher) 
 Thalessa quebecensis Provancher, 1873. Nat. Canad. 5: 447  
Geographic Range: M. nortoni nortoni is distributed along the Pacific Coast from south-western 
Canada to California, and extends eastward to central Colorado. M. nortoni quebecensis is found 
in the north-eastern U.S. and adjacent parts of Canada. In the late 1960s and early 1970s this 
species was collected across the United States and Canada, encompassing the ranges of both 
subspecies, for introduction as a biocontrol agent in Australia (Taylor, 1976) and New Zealand 
(Bartlett et al., 1978). The populations established in Australia were then introduced to South 
Africa (Tribe and Cillié, 2004).  
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Hosts: Sirex noctilio (Carlson, 1979; Nuttall, 1980; Valentine and Walker, 1991; Vincent and 
King, 1995); Sirex sp. (Carlson, 1979); Urocerus albicornis (Champlain, 1921; Townes, 1944); 
Xeris morrisoni (Townes, 1944) 
 
Diagnosis: 
Female: Head black to blackish brown and yellow; mesosoma black or blackish brown, with 
yellow spots; metasoma brown and usually a little paler than mesosoma. Subtriangular median 
subapical spot on first and second tergites, large round yellow spot on side of tergites 3-5, and 
vertical yellow blotch on side of sixth and seventh tergites. Forewing 13 to 29 mm long. 
Ovipositor sheath about 2.7 times as long as fore wing. 
Females can be distinguished from M. atrata by the body color; and from M. macrurus and M. 
greenei by the yellow spots on the tergites. 
It should be noted that Carlson (1979) did not separate M. nortoni nortoni from M. nortoni 
quebecensis. 
Male: Head black to blackish brown and yellow; mesosoma black to blackish brown, with yellow 
spots; metasoma brown, the tergites usually darker medially; the first two tergites with a median 
subapical yellow spot. Forewing 9.5 to 20 mm long. 
Males can be distinguished from M. macrurus by the lack of a brown patch at the base of cell 2R1 
of the fore wing and from M. atrata and M. greenei by the single vertical black band on the face 
and the color of the mesopleuron. 
 
Phylogenetic Analysis 
The majority-rule consensus tree produced from the maximum likelihood analysis of COI 
sequence data shows good support for all four species examined. 
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Figure 3.1. Megarhyssa atrata female. A. Anterior head; B. Anterior head showing color 
variation; C. Lateral head and mesosoma; D. Wings; E. Lateral habitus; F. Lateral metasoma. 
 
Figure 3.2. Megarhyssa atrata male. A. Anterior head; B. Anterior head showing color variation; 
C. Lateral head and mesosoma; D. Dorsal habitus; E. Lateral habitus; F. Wings. 
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Figure 3.3. Megarhyssa greenei female. A. Anterior head; B. Lateral head and mesosoma; C. 
Wings; D. Lateral habitus; E. Lateral metasoma. 
 
Figure 3.4. Megarhyssa greenei male. A. Anterior head; B. Lateral head and mesosoma; C. 
Dorsal habitus; D. Lateral habitus; E. Wings. 
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Figure 3.5. Megarhyssa macrurus female. A. Anterior head; B. Lateral metasoma; C. Lateral 
habitus; D. Lateral head and mesosoma; E. Wings. 
 
Figure 3.6. Megarhyssa macrurus male. A. Anterior head; B. Lateral head and mesosoma; C. 
Dorsal habitus; D. Lateral habitus; E. Wings. 
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Figure 3.7. Megarhyssa nortoni female. A. Anterior head; B. Lateral head and mesosoma; C. 
Wings; D. Lateral habitus; E. Lateral metasoma. 
 
Figure 3.8. Megarhyssa nortoni male. A. Anterior head; B. Lateral head and mesosoma; C. 
Dorsal habitus; D. Lateral habitus; E. Wings. 
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Figure 3.9. Maximum likelihood tree generated from COI sequence data from specimens of four 
species of Megarhyssa, with Rhyssa howdenorum as the outgroup. Codes preceding each species 
name indicate the specimen on BOLD systems from which the sequence data was collected. 
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Chapter 4: Insights into the venom of the parasitoid wasp, Megarhyssa (Hymenoptera: 
Ichneumonidae)  
 
Abstract  
A combined transcriptomics and proteomics approach was used to investigate the venom of two 
species in the genus Megarhyssa (Hymenoptera: Ichneumonidae). Sixty-four putative venom 
proteins were identified. Eleven of these do not contain known conserved protein domains; the 
remainder are predicted to code for 24 different proteins with possible functions including the 
disruption of the host immune response, facilitation of larval feeding, antimicrobial activity and 
plant cell-wall degradation. The sequences of the genes coding for these proteins are, for the most 
part, very different from other parasitoid wasp venom genes. This is likely due to the fact that the 
species investigated in this study are the first ectoparasitoid idiobionts from the superfamily 
Ichneumonoidea to have their venom examined. 
 
Introduction  
A diverse range of animals have evolved venom as a means to subdue prey or to serve as a 
defense against predators. These taxa are predominantly invertebrate, with Hymenoptera being 
the largest single group, comprising a remarkable number of species of untold diversity in form 
and function (Quicke, 1997). The venom of Hymenoptera, composed of a complex blend of 
biogenic amines, peptides, enzymes and paralytic toxins, is produced in specialized venom glands 
derived from female reproductive tissue and has a broad range of functions (reviewed by Moreau 
& Guillot, 2005). In the past, most research on hymenopteran venom focused on bees and 
stinging wasps (Aculeata) which use their stinger to inject these secretions into their prey or 
predators. More recently, studies have begun to examine the venom of parasitoid Hymenoptera – 
wasps that are free-living as adults but develop on (ectoparasitoids) or in (endoparasitoids) other  
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organisms in their larval stages. In these taxa, the stinger has retained the ancestral function of 
oviposition and is referred to as the ovipositor.  
The venomous secretions produced by parasitoid wasps alter host physiology to provide a 
suitable environment for larval development (Pennacchio & Strand, 2006) and their functions are 
highly dependent on the developmental strategy of the wasp. Koinobiont parasitoids allow their 
hosts to continue to develop while their progeny are growing inside and their venom results in 
immunosuppression, reproductive alterations and endocrine manipulation. The venom of 
idiobiont parasitoids causes paralysis, developmental arrest, a reduction in metabolism and 
immunosuppression (reviewed by Pennacchio et al., 2014). Host-parasitoid coevolution and 
adaptation exert intense selection pressure on parasitoid virulence and may have led to the 
extraordinary diversification and specialization of the parasitic Hymenoptera likely resulting in a 
unique venom composition for each species (Moreau & Guillot, 2005). To date, the venom of 18 
species representing five different families of parasitoid Hymenoptera have been investigated 
(reviewed by Poirié et al., 2014). These venoms have great potential utility and appear to 
represent an unexplored pharmacopoeia that could have a wide range of applications (Moreau & 
Asgari, 2015). Further investigation of this natural resource is warranted.  
As ectoparasitic idiobionts, wasps in the genus Megarhyssa face a number of challenges 
during parasitization which are overcome through the injection of venom into the host. First of 
all, an egg oviposited on the surface of the host is at risk of being dislodged, particularly if the 
host bores through wood (Quicke, 2015). Parasitoids of concealed larvae use their venom to 
induce permanent paralysis, eliminating this possibility (Quicke, 2000). However, this strategy is 
linked to a distinct disadvantage in terms of nutrition as once the host is paralyzed, it can no 
longer obtain resources and therefore declines in quality immediately after parasitization (Quicke, 
2015). It is imperative that the parasitoid preserves what remains of its host for as long as possible 
and the introduction of antimicrobial peptides into the host at oviposition to ward off pathogenic 
disease is a way of achieving this.  
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In addition, when the parasitoid larva begins feeding, it uses its mouthparts to pierce the 
host cuticle. It is vital at this stage that immune responses such as clotting of host haemolymph 
and melanization are suppressed as this can inhibit the uptake of nutrients by the parasitoid 
(Strand & Pech, 1995). This is achieved by factors in the venom of the adult parasitoid as well as 
salivary secretions of the larval parasitoid (Richards & Edwards, 2002a, 2002b). However, 
immunosuppression makes the host vulnerable to microbial attack and Dani et al. (2003) suggest 
that antibacterial factors in the venom may be required to protect the host and the developing 
parasitic progeny from opportunistic pathogens. The antimicrobial properties of venom are 
demonstrated in a wide range of hymenopteran species and their adaptations are discussed by 
Moreau (2013).  
Finally, components of the venom are capable of mobilizing nutrients from host tissue, 
which provides the parasitoid larva with the maximum amount of resources. The venom of 
Euplectrus separatae, for example, increases lipid and protein availability in the host 
haemolymph through the induction of fat body cell lysis (Nakamatsu & Tanaka, 2004). Acid 
phosphatases, which release carbohydrates from phosphoric esters, are reported to be present in 
Pteromalus puparum (Zhu et al., 2010), Pimpla hypochondriaca (Dani et al., 2005) and Nasonia 
vitripennis (Danneels et al., 2010) and are hypothesized to be involved in providing nutrients for 
the developing parasitic larvae (Dani et al., 2005).  
The lifecycle of members of the giant ichneumon genus, Megarhyssa, also poses an 
additional challenge: the hosts that they seek (the larvae of siricid wasps) are concealed inside 
the trunks of trees. Parasitization of these larvae necessitates the penetration of wood 
(predominantly maple and beech), a feat achieved by the gracile ovipositor of Megarhyssa in a 
matter of minutes. The ovipositor, which lacks cutting teeth and is as fine as a horse hair, 
penetrates up to 10 cm of wood in order to reach the insect larva inside. No sawdust is generated 
during this process and images obtained by scanning electron microscopy show the plant cell 
walls lining the hole are collapsed (Le Lannic & Nénon, 1999). It is postulated that the venom of 
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Megarhyssa contains lignolytic enzymes and that are secreted by the ovipositor to facilitate the 
penetration of wood (Nénon et al., 1997).  
In this study we combine transcriptomics and proteomics approaches to investigate 
the constituents of the venom of two species in the genus Megarhyssa (Hymenoptera: 
Ichneumonidae), M. greenei Viereck and M. macrurus (Linnaeus). We tentatively assign 
functions to the putative venom proteins and discuss how they may play a role in the life 
history of Megarhyssa.  
 
Materials and Methods  
Collection of preparation of specimens: Adult female Megarhyssa were collected from Daniel 
Boone National Forest in the summers of 2012, 2013 and 2014. Specimens were brought back to 
the laboratory alive and were prepared for either RNA or venom extraction. RNA extraction 
preparation consisted of surface sterilization of the insect followed by the removal of the terminal 
three segments of the abdomen and either flash freezing in liquid nitrogen or storage in RNAlater. 
Preparation for venom extraction consisted of surface sterilization of the insect followed by 
dissection in ice-cold phosphate buffered saline (Fig. 1). The sternites were removed and the 
organs of the abdomen were pulled away from the tergites. The terminal three segments of the 
abdomen were then cut away from the rest of the body and dissected alone. The venom gland was 
gently eased out from between the muscle tissue, and forceps were used to detach the sclerotized 
duct from the base of the ovipositor. The entire venom apparatus was then placed in 15uL of PBS 
with protease inhibitors and was torn open with forceps. The viscous venom could be seen 
spilling into the solution, which was then drawn up with a pipette and frozen for later use.  
 
Reference transcriptome assembly: Total RNA was extracted from the terminal three abdominal 
segments of one specimen of M. macrurus and three specimens of M. greenei using TRIzol 
(Invitrogen, Carlsbad, CA) according to the manufacturer‟s protocol. RNA samples were further 
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purified using Qiagen RNeasy mini columns. All samples were treated with RNase-Free DNase 
Sets (Qiagen, Valencia, CA) according to the manufacturer‟s protocol. RNA-seq for the specimen 
of M. macrurus was accomplished by Hudsen Alpha (Huntsville, Al) using a HiSeq 2000 and 100 
bp paired-end sequencing, after performing polyA selection, fragmentation, and library 
production via ligation and PCR. The RNA-seq data produced was then assembled using Velvet 
(Zerbino & Birney, 2008) and Oases (Schulz et al., 2012). RNA from three specimens of M. 
greenei was prepared for sequencing using the TruSeq RNA kit following the manufacturer‟s 
protocol and then sequenced using an Illumina MiSeq producing 150bp paired-end sequences. 
This RNA-seq data was assembled using Trinity (Grabherr et al., 2011) (version: 
trinityrnaseq_r20140717) in paired mode. Four different assemblies were constructed, one for 
each specimen and one with the combined data from all three specimens. 
 
Protein database construction: The M. macrurus protein database was constructed from the 
transcriptome of one specimen. The M. greenei protein database was constructed from the 
transcriptome assembled from three specimens. Both transcriptome databases were translated into 
all six reading frames using a perl script to provide two protein databases to be queried with 
peptide mass spectra. 
 
Venom preparation and mass spectrometry  
Venom protein quantification: Bradford assays were used to determine the amount of protein in 
each venom sample. The venom proteins were then separated in one dimension using SDS-PAGE 
with Precision Plus Protein Standard as a molecular weight marker.  
Tryptic digestion: Gel bands were cut, destained and dried in a vacuum centrifuge. Proteins in the 
gel were reduced and after discarding the reducing liquid, proteins were alkylated and incubated 
at room temperature. The gel was washed twice and partially dried in a vacuum centrifuge. Dried 
gel was rehydrated and sequencing grade trypsin was used to perform in-gel digestion of proteins 
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into tryptic peptides. Peptides were extracted from the gel and the peptide solution was brought 
up to 12μL with 0.1% formic acid and the solution was filtered through a 0.45μm filter prior to 
LC/MS/MS analysis.  
Liquid chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS) 
analysis: LC-MS/MS analysis was performed using an LTQ-Orbitrap mass spectrometer (Thermo 
Fisher Scientific, Waltham, MA) coupled with an Eksigent Nanoflex cHiPLC (tm) system 
(Eksigent, Dublin, CA) through a nano-electrospray ionization source. The peptide samples were 
separated with a reversed phase cHiPLC column and mass analyzed using an Orbitrap MS scan 
followed by a data dependent MS/MS for fragmentation of the most intense ions with the 
collision induced dissociation (CID) method. 
 
Putative protein identification: The data collected by LC-ESI-MS/MS was used to search both 
databases created from the transcriptome sequence data described above. Protein Pilot and 
MASCOT were used to assess the confidence in the putative proteins identified taking into 
account the number of peptide matches and the percent coverage of the protein. This resulted in 
two lists of candidate venom transcripts, those corresponding to peptides in M. greenei venom 
and in M. macrurus venom, with confidence scores of 30 or above. Since venom proteins are 
secreted into the venom reservoir, the SignalP4.1 Server (Petersen et al., 2011) was used to assess 
each transcript for the presence of a signal peptide. Those transcripts in which signal peptides 
were identified were deemed to be venom proteins. These putative venom proteins were then 
queried against the Conserved Domain Database (NCBI) to identify conserved domains of known 
function and also against the NCBI protein database using the BLASTp algorithm to determine 
the best hit for each of the transcripts.
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Results  
Transcriptomics  
A summary of the assembly statistics of the transcriptomes can be found in Table 1. The 
transcriptome for the species M. macrurus, was assembled after sequencing cDNA from one 
specimen. Three specimens of M. greenei had cDNA sequenced and assembled. When the 
sequences from all three M. greenei specimens were combined before assembly, the assembly 
statistics improved dramatically highlighting the value of replication in studies such as these. 
Proteomics  
Mass spectrometry of venom peptides from two species of Megarhyssa identified 64 transcripts 
coding for putative venom proteins, the details of which can be found in Table 2 and 
Supplementary Table S1. Twenty-seven of these transcripts corresponded to peptides present in 
both venoms, and of the remaining 37, the majority corresponded to M. greenei venom peptides 
(Fig. 2). In addition, more than two thirds of the putative venom transcripts identified were from 
the M. greenei transcriptome database (Fig. 2). Eleven of the identified transcripts code for 
proteins in which conserved protein domains cannot be identified. However, four of these do 
show significant similarity to hymenopteran sequences on the NCBI protein database. Conserved 
protein domains were identified in 53 transcripts that code for 24 different proteins each of which 
is labeled on the images of the gels produced by SDS-PAGE (Fig. 3). 
BLAST hits 
The best NCBI BLAST hit for each venom protein can be found in Supplementary Table S1. The 
majority of these were distributed among the Parasitica, the Aculeata and the Symphyta with 13, 
20 and 18 best hits for each group respectively (Fig. 4).  
 
  
    
51 
    
Discussion  
Our investigation into the constituents of the venom of Megarhyssa using a joint transcriptomics 
and proteomics approach revealed 64 transcripts coding for 24 known proteins and 11 as yet 
uncharacterized proteins. Many of the proteins corresponded to peptides from both samples 
indicating a high degree of overlap in the venom components of the two species. However, only 
about a third of the putative venom transcripts were from the M. macrurus transcriptome 
database. This may be due to the differences in the construction of each database and the 
transitory nature of a transcriptome. The M. macrurus database was constructed from RNA 
extracted from only one specimen whereas the M. greenei database was constructed from RNA 
extracted from three specimens increasing the probability that a given venom transcript will be 
present in the database.  
 Interestingly, the majority of the best BLAST hits were not from other species of 
Parasitica. Species of Aculeata or Symphyta showed greater sequence similarity in most cases. 
This may be due to the fact that the nine species of ichneumonoid wasps that have had their 
venoms studied are koinobiont endoparasitoids. Species associated with these best hits include 
the orussid wood wasp, Orussus albietinus (Scopoli), the tenthredinid wood wasp, Athalia rosae 
(Linnaeus) and various bees and ants. In the case of O. albietinus, the similarity could be 
explained by the shared life history traits of the two species, both of which drill through tree 
trunks to parasitize wood-boring insect larvae. The similarity with the aculeate sequences is 
curious but this may be an artifact of an incomplete database, lacking sequences from 
ectoparasitoid Ichneumonoidea. What this does show is that Megarhyssa venom genes appear to 
be very different from other parasitoid wasp venom genes studied to date. 
Putative functions of Megarhyssa venom proteins  
Immune suppression: The eggs and larvae of Megarhyssa are targeted by the siricid host‟s 
immune system and can only survive if this response is suppressed. A variety of components of 
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the venom of Megarhyssa may be associated with the inhibition of the host immune response. 
Super oxide dismutases (SODs) and serine proteases both have demonstrated effects on the 
melanization pathways in hosts of other parasitoid wasps (Colinet et al., 2011). The venom of 
Megarhyssa also contains proteins with leucine-rich repeats (LRRs) which may disrupt the host 
immune response through the Toll pathway by acting as scavengers for host Toll-like receptors 
(TLRs) (Colinet et al., 2014). In addition, it is hypothesized that peptidase M13 modulates the 
host immune system by degrading immune-specific peptides (Asgari et al., 2002) while host 
haemocyte accumulation may be suppressed by zinc dependent metalloproteases. The 
suppression of the immune system leaves the host vulnerable to attack by opportunistic pathogens 
and it is possible that Phospholipase A2 (PLA2) in the venom of Megarhyssa acts as a microbial 
agent during this time. 
Developmental arrest and resource uptake: As idiobiont ectoparasitoids, Megarhyssa halt the 
development of their hosts. This is necessary because the precarious position of the externally 
developing parasitoid larvae requires that the host ceases movement (Quicke, 2015). This may be 
achieved by the immunoglobulin-like proteins found in their venom. However, this 
developmental disruption creates its own problem, namely that the host begins to decline in 
quality as soon as it is parasitized since it can no longer consume nutrients (Quicke, 2015). It is 
vital that the parasitoid larvae take up enough nutrients to complete development and this may be 
enhanced by histidine acid phosphatases and lipases from the venom which release nutrients from 
the hosts‟ stores. 
Facilitation of oviposition: Putative laccases were also found in the venom of Megarhyssa. 
Laccases (EC: 1.10.3.2) are blue multicopper oxidases (MCOs) that catalyze the oxidation of a 
wide variety of aromatic substrates (Soloman et al., 1996; Messerschmidt, 1997). They are 
present in bacteria, plants, fungi and animals where they play roles in pigmentation, lignin 
synthesis and degradation, iron homeostasis and morphogenesis. We predict that the laccase 
present in the venom of Megarhyssa works in a similar fashion to those found in white-rot fungi 
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and termites which act on lignin during the process of wood degradation and we hypothesize that 
Megarhyssa‟s venom laccase is secreted during oviposition to facilitate the penetration of wood. 
Possible industrial applications of Megarhyssa venom proteins  
Pharmaceutical agents: Animal venoms have long been recognized as valuable sources of natural 
medicines with records of the use of snake venom to treat arthritis and gastrointestinal ailments 
dating back to the 7th century B.C. (Gomes et al., 2010). Venom peptides or other derivatives 
from snakes, cone snails, lizards, scorpions, spiders and sea anemones are all currently in clinical 
use or under development (Vetter et al., 2011). In terms of pharmaceutical agents in the venom of 
Megarhyssa, both super oxide dismutase (SOD) and phospholipase A2 (PLA2) could have great 
potential. SODs of bovine origin have been used as anti-inflammatory drugs for decades (Aehle, 
2006) and venom from the wasp, Nasonia vitripennis, which contains SODs has been shown to 
have anti-inflammatory properties on mammalian cells (Danneels et al., 2014). The anti-microbial 
activity of PLA2 is well-known (reviewed by Moreau, 2013) and it is possible that the PLA2 
found in the venom of Megarhyssa has similar properties. 
Biopesticides: The use of chemical insecticides is proving unsustainable due to concerns over 
their effects on human health, non-target beneficial organisms and the environment. Between 
2005 and 2009, 169 insecticides were de-registered while only nine new products were 
introduced to the market (Windley et al., 2012). An additional concern is the increase in resistant 
pests due to intense selection pressure exerted by widespread use of insecticides with a limited 
range of physiological targets (Windley et al., 2012). Novel insecticidal agents are therefore in 
high demand and parasitoid venoms constitute an outstanding natural resource of such agents. 
The components of the venom of Megarhyssa that are predicted to act on the host immune system 
or alter host development (see Table 2) are all excellent candidates for biopesticide development.  
Biofuels: The growing price and increased demand for crude oil combined with environmental 
concerns over global warming has re-launched interest in the development of biofuels (Schubert, 
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2006). Lignocellulosic biomass is the earth‟s most abundant renewable resource (Fernandes et al., 
2012) and constitutes a low cost feedstock for bioethanol production (Zaldivar et al., 2001). 
However, the conversion of lignocellulose to ethanol is far more costly than converting starch to 
ethanol, with delignification as the central issue limiting the production of energy from this 
source (Martinez et al., 2009). If the laccase present in the venom of Megarhyssa demonstrates 
activity against lignin, it could be developed as a biocatalyst for the pretreatment of 
lignocellulosic biomass. 
 
Summary  
This study investigates the venom of the ichneumonid ectoparasitoid Megarhyssa. The 
components identified are compared to those found in other parasitoids and other Hymenoptera 
and are examined for conserved protein domains. This information is used to tentatively assign 
putative functions and to discuss potential industrial applications. 
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Table 4.1. Transcriptome assembly statistics. Numbers in parentheses after the species M. greenei 
indicate the specimen.  
 
Specimen  
 
# Transcripts > 100 bp  
 
N50 (bp)  
 
Mean Length (bp)  
 
M. macrurus  
 
33,337 
 
3,055 
 
1,036 
M. greenei (1) 74,702 759 567 
M. greenei (2) 43,114 855 602 
M. greenei (3) 41,047 908 617 
M. greenei (all) 87,429 1696 759.71 
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Figure 4.1. The terminal segment of the abdomen of M. greenei with venom apparatus.  
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Figure 4.2. Proportion of putative venom proteins corresponding to peptides identified by mass 
spectrometry of venom from each species for each database.   
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Figure 4.3. Venom proteins of one specimen of each species separated by SDS-PAGE. Each 
fraction is labeled with the putative proteins corresponding to venom peptides in that fraction.
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Figure 4.4. Taxon distribution of top hits for Megarhyssa venom proteins on NCBI BLAST.  
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Chapter 5: Examination of a putative laccase from the venom of parasitoid wasps of the 
genus Megarhyssa (Hymenoptera: Ichneumonidae) 
 
Abstract 
The giant parasitoid wasp, Megarhyssa (Hymenoptera: Ichneumonidae), uses its gracile egg-
laying appendage (ovipositor) to penetrate up to ten centimeters of wood in a matter of minutes in 
order to lay an egg on its host. It is postulated that enzymes that lyze wood are secreted from the 
ovipositor to facilitate this process and in this study we investigate this hypothesis. Laccase, an 
enzyme associated with lignin degradation in wood-rotting fungi and lignocellulose digestion in 
termites, is found in the venom of Megarhyssa. The sequence of this putative laccase was 
confirmed by reverse-transcriptase PCR and subsequently subjected to phylogenetic analysis. Its 
placement in the resulting phylogeny indicates a similarity with the predicted laccase of Orussus 
abietinus (Hymenoptera: Orussidae), another parasitoid wasp that uses a long ovipositor to 
penetrate wood, lending support to our hypothesis that this venom laccase may be secreted by 
Megarhyssa to aid the penetration of wood. However, assays conducted using various substrates 
could not confirm activity of the recombinant enzyme. 
 
Introduction  
Lignocellulosic biomass is the world‟s most abundant renewable resource and has the potential to 
become the leading source of raw material for the production of biofuel. However, in order for 
lignocellulose to become a major contributor to the fulfillment of the world‟s energy 
requirements, it must be efficiently broken down into desirable products – a process which is 
currently hindered by high costs and excessive energy input (Chaturvedi & Verma, 2013). 
Research into the improvement of existing methods and the development of alternatives are of 
significant economic and environmental interest. In terms of major industrial uses (e.g. paper 
manufacture and biofuel production) it is the carbohydrate polymers, cellulose and hemicellulose 
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that have the most potential (Belgacem & Gandini, 2008). However, lignocellulose also contains 
lignin, a complex of phenolic and phenylpropanoid compounds (Pettersen, 1984), which confers 
rigidity to the plant cell wall (Rubin, 2008) and provides protection from pathogens and 
saprophytic organisms (Ruiz-Dueñas & Martínez, 2009). This protective lignin barrier must be 
broken in order to gain access to cellulose and hemicellulose which can then be processed for 
industrial use.   
 Termed „pre-treatment‟, this phase of lignocellulosic processing is being investigated 
with a diverse range of techniques reviewed in Chaturvedi & Verma (2013). Existing methods of 
pre-treatment include using acidic or alkaline conditions, organosolv processing, oxidative 
delignification, microwave irradiation and biological methods (reviewed in Chaturvedi & Verma, 
2013). The chemical based approaches are often harmful to the environment and costly due to the 
need for high temperatures and resistant equipment. Microwave irradiation is capable of 
disrupting the structure of lignocellulose by localized heating but on a large scale the expense of 
the equipment and the amount of energy required is prohibitive (Feng & Cheng, 2008). With the 
goal of reducing the cost of lignocellulose pre-treatment, research is being conducted on naturally 
occurring oxidative enzymes that could be used to break the lignin barrier (Martínez & Ruiz 
Dueñas, 2009).  
 Organisms that degrade lignin are a potential source of cheap and eco-friendly lignolytic 
enzymes for lignocellulose pre-treatment (Wan & Li, 1012). Hydrogen peroxidase, manganese 
peroxidase and laccase are enzymes secreted by white-rot fungi to degrade lignin (Eggert et al., 
1997; Hammel et al., 2002; Hofrichter, 2002). Adaptation of lignocellulose pre-treatment to 
include these enzymes shows promise but the process is currently too slow to be a competitive 
alternative (Chaturvedi & Verma, 2013). Wood-feeding insects are also being investigated for 
potential lignolytic enzymes, with termites and long-horned beetles showing evidence of 
degraded lignin in their frass (Geib et al., 2011). The digestive process of these organisms takes 
hours (Geib et al., 2011) which means that the enzymes at work could potentially be faster acting 
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than those found in white-rot fungi which take weeks to degrade lignin (Filley et al., 2000). 
However, the termite gut is a complex system, which includes symbiotic microorganisms, and 
there has been limited progress in unraveling the genes and organisms responsible for the 
expression or production of lignolytic enzymes. A study by Sethi et al. (2012) identified 300 
candidate transcripts from the host-symbiont „digestome‟ that could be involved in lignin 
degradation indicating that extensive research is still needed to narrow down individual enzymes 
or enzyme combinations that could be the most useful for lignocellulose pre-treatment.  
 In this study we examine a novel laccase and assess its potential to degrade wood. This 
putative laccase is present in the venom of giant parasitoid wasps in the genus Megarhyssa which 
spend their immature life stage feeding off the body of their hosts, the larvae of siricid wood 
wasps (Hymenoptera: Siricidae), deep inside the trunks of trees. In order to parasitize larval 
Siricidae, female Megarhyssa must penetrate wood using an egg-laying appendage (ovipositor), 
which is as fine as a horse hair and up to ten centimeters in length (Heatwole & Davis, 1965). 
Nénon et al. (1997) conducted an in depth study of the morphology of the ovipositor of 
Megarhyssa atrata revealing the presence of secretory pores at the distal end. They hypothesized 
that secretions produced in the abdomen flow out through these pores and have a lytic effect on 
wood. Though it dates back to the late 1990s, this hypothesis has yet to be tested. Here, we 
investigate the laccase present in the venom of two species of this genus commonly found in 
Kentucky, Megarhyssa macrurus and Megarhyssa greenei, to assess whether this enzyme has 
lignin-degrading potential. 
 
Materials and Methods  
cDNA Synthesis: Reverse transcriptase PCR was conducted to synthesize cDNA from M. greenei 
RNA isolated previously (see Chapter 2). Two hundred units of Maloney Murine Leukaemia 
Virus Reverse Transcriptase (Invitrogen) (200 U/uL) and 1 μg of oligo-dT 18mer primers were 
used in a total reaction volume of 20 μL with 4 μL of first strand buffer, 1 μL of 10 mM dNTP 
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mix, 1 uL RNaseOUT
TM
(Invitrogen) and 1-5 μL of template RNA with the remaining volume 
made up with nuclease free water (Qiagen). Reactions were incubated at 65 °C for 5 minutes and 
then placed on ice for 2 minutes. Reverse transcription then took place at 37 °C for 50 minutes 
followed by 70 °C for 15 minutes. Reactions were then diluted 1:4 with nuclease free water 
(Qiagen) and stored at -20 °C for later use. 
 
Confirmative RT-PCR: Primers were designed using Primer3 (v. 0.4.0, Koressaar & Remm, 
2007; Untergrasser et al., 2012) to amplify 500-700 bp fragments of the putative venom laccase 
from the M. greenei transcriptome database. PCR amplifications of these regions were performed 
using Takara reagents in a total reaction volume of 12.5 μL consisting of 1X buffer, 0.3 mM 
dNTPs, 0.4 μM of forward and reverse primers and 0.625 U of Takara Ex Taq Polymerase, 
ddH₂O and 1μL template cDNA. The thermal cycler protocol included an initial denaturation for 
1 minute at 95 °C. Each of the 40 cycles began with an additional denaturation period of 1 minute 
at 95 °C followed by annealing for 1 minute at a temperature that varied between 50 and 60 °C 
according to the primers used, followed by extension, carried out at 72 °C for 1 minute. A final 
extension period of 5 minutes at 72 °C concluded the reactions. Gel electrophoresis was used to 
determine the success of the PCR, using 4 μL of PCR product on a 2.5 % agarose gel stained with 
ethidium bromide. PCR products deemed successful were sent to Beckman Coulter Genomics 
(Danvers, MA) for Sanger sequencing. 
 
Sequence Analysis 
Taxon Selection: The amino acid sequence of the putative laccase from the M. greenei 
transcriptome database was used to query NCBI‟s protein database using the BLASTp algorithm. 
The sequences of the top hundred hits were downloaded and used to create a neighbor-joining 
tree from which redundant sequences could be eliminated, resulting in a reduction of the data set 
to 40 taxa that represented all the major clades from the neighbor-joining tree. Five more 
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sequences were then added: laccase 3 from Anopheles gambiae, (GenBank accession No. 
ABQ95972), laccase 2 from Nephotettix cincticeps (GenBank accession No. BAJ06133), laccase 
from Pimpla hypochondriaca (GenBank accession No. CAD20461, laccase 12 from 
Reticulitermes flavipes (GenBank accession No. ACX54560) and a laccase-like precursor from 
Nasonia vitripennis (GenBank accession No. NP_001155159). These additional five sequences 
are the result of detailed proteomic analyses and can be associated with possible functions, 
providing greater scope for a discussion of the predicted function of the putative venom laccase 
found in M. greenei.  
Alignment: The GUIDANCE2 server (Landan & Graur, 2008; Penn et al., 2010; Sela et al., 2015) 
was used with default settings to align the sequences of the 45 taxa, and the columns with a 
confidence score below 0.93 were removed. The alignment was then examined and adjusted by 
eye using BioEdit (Hall, 1999).  
Evolutionary Model Assignment: The alignment was then submitted to the ProtTest server 
(Abascal, 2005) to identify the evolutionary models with the lowest Akaike Information Criterion 
(AIC, Akaike, 1973) and the lowest Bayesian Information Criterion (BIC, Schwarz, 1978) values. 
In both instances the model, LG, has the lowest score. However, LG cannot be implemented in 
MrBayes (v. 3.1.2, Huelsenbeck & Ronquist, 2001; Ronquist & Huelsenbeck, 2003) and therefore 
we used the model with the next lowest value which was WAG in both instances.  
Tree Building: Aligned sequences were then subjected to Bayesian inference (BI) phylogenetic 
analysis with MrBayes (v. 3.1.2, Huelsenbeck & Ronquist, 2001; Ronquist & Huelsenbeck, 2003) 
incorporating the selected evolutionary model. Two independent searches of the BI analysis with 
four search chains were run for 10 million generations, sampling trees every 100 generations with 
default settings. The analysis reached an average standard deviation of split frequencies of less 
than 0.02 after 6,100,000 generations and the tree of highest posterior probability (= maximum a 
posteriori or MAP tree) was calculated from the 39,000 post-burn-in trees. 
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Recombinant Laccase Production: Recombinant Megarhyssa laccase was produced by GenScript 
using their BacuVance
TM
 Baculovirus Expression System. Briefly, the gene, with a His-tag 
incorporated into its sequence, was synthesized and subcloned into an expression vector. 
Recombinant Bacmid DNA was then used in the transfection of insect cells and P1 and P2 virus 
stocks were generated. The P2 stock was used to infect insect cells and the expressed protein was 
purified using 1-step affinity purification producing 0.1 mg/mL protein in a volume of 750 μL 
Tris buffer. The presence of the purified protein was confirmed by SDS-PAGE and Western Blot 
analyses (Fig. 3). 
 
Assessment of recombinant laccase activity: Enzyme activity was tested against the following 
substrates: hydroquinone, pyrogallol, pyrocatechol, NADA and 2,6-Dimethoxyphenol. Assays 
were carried out in B&R buffer [0.1 M each of boric acid, o-phosphoric acid, and acetic acid in 
water, pH 7 (Britton and Robinson, 1931)] containing 66 mM H2O2, 5μL of enzyme preparation 
(either recombinant Megarhyssa laccase or horseradish peroxidase) containing 500 ng protein, 
and 2 mM substrate in a total reaction volume of 250 μL. Reactions took place over four hours 
and absorbance across a full spectrum was then measured. All substrates were prepared 
immediately before use and solubilized in 100% ethanol. For the background control, substrate 
was replaced with an equal volume of ethanol and enzyme was replaced with an equal volume of 
Tris buffer. For the substrate control, enzyme was replaced with an equal volume of Tris buffer. 
Additional assays were conducted with pyrogallol only. Reactions were conducted as above but 
run in triplicate. 
 
Results 
Laccase sequence investigation  
The sequence of the laccase identified in the venom of Megarhyssa was confirmed by RT-PCR 
and is illustrated in Figure 1. The open reading frame is 2457 bp encoding a putative 819 amino 
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acid protein with a predicted molecular weight of 93.3 kDa and isoelectric point of 6.0 pH 
(calculated by Expasy Bioinformatics Resource Portal, SIB Swiss Institute of Bioinformatics, 
Artimo, 2012).  It possesses 10 histidine residues and one cysteine residue that bind copper ions 
and are diagnostic of multicopper oxidases. In addition, one methionine residue is located in the 
T1 copper center which is only found in insect laccases (Dittmer & Kanost, 2010) and the NCBI 
Conserved Domain Database predicts that it contains the first, second and third cupredoxin 
domains common to insect laccases. Glycosylation sites were predicted using NetNGlyc (Gupta 
et al., 2004) and NetOGlyc (Steentoft et al., 2013) (http://www.cbs.dtu.dk/services) and eight N-
linked and 12 O-linked glycosylation sites were found. Though glycosylation is one of the most 
common forms of post-translational modification, little is known about its function in laccases but 
it is likely that it influences the activity of both native and recombinant enzymes (Rodgers et al., 
2010).  
Phylogenetic analysis  
The results of the phylogenetic analysis of arthropod laccases indicate that the putative laccase of 
Megarhyssa is most similar to the predicted laccase of Orussus albietinus (Fig. 2). This is 
contrary to the established phylogenetic hypothesis of the Hymenoptera, which places orussid 
wasps nearer to the base of the tree far from the evolutionarily more derived Ichneumonoidea that 
includes Megarhyssa. Unfortunately, most of the sequences that are highly similar to the laccase 
of Megarhyssa have not been functionally characterized and remain simply „predicted‟ or 
„putative‟ laccases. 
Recombinant laccase activity assays 
Activity of the recombinant laccase was assessed using five substrates. Only one, pyrogallol, 
showed evidence of product (Fig.4). However, this product is due to the auto-oxidation of the 
substrate as evidenced by its presence in the substrate only control treatment. In fact, the 
treatment containing the Megarhyssa venom laccase had less product and this difference was 
consistent across all three replicates.  
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Discussion  
In this study we investigated the laccase found in the venom of parasitoid wasps in the genus 
Megarhyssa. The sequence of the ~2.4 kb gene was confirmed by reverse transcriptase PCR and 
predicted to encode a 93.3 kDa protein. Phylogenetic analyses indicate that this protein is similar 
to a predicted laccase from the genome of the orussid woodwasp, O. albietinus. However, assays 
of the recombinant laccase produced using a baculovirus-insect cell expression system could not 
confirm enzyme activity. 
 First described by Yoshida in 1883, laccases are copper-containing enzymes found in 
bacteria, fungi, plants and animals that catalyze the oxidation of a wide variety of substrates. 
They are implicated in processes such as lignin synthesis and degradation, iron homeostasis, 
morphogenesis and cuticle tanning (Dittmer & Kanost, 2010). Most research into insect laccases 
has focused on their role in cuticle tanning, however laccase-like activity is also found in a 
number of other tissues; namely the mosquito midgut (Sidjanski et al., 1997), the guts of termites 
(Coy et al., 2010), the salivary glands of leafhoppers (Hattori et al., 2005), and the venom of the 
parasitoid wasps, Pimpla hypochondriaca (Parkinson et al., 2001, 2003; Parkinson & Weaver, 
1999) and Nasonia vitripennis (de Graaf et al., 2010).  
 Unfortunately, the majority of the sequences that show significant similarity to 
Megarhyssa’s venom laccase are functionally uncharacterized. Therefore, all we can conclude 
from the results of our phylogenetic analysis is that the laccase in the venom of Megarhyssa 
appears to be very different from those known to be involved in insect cuticle tanning (Arakane et 
al., 2005; Dittmer et al., 2004) and also from laccases found in the mosquito and termite guts 
which may play a role in metal metabolism (Sidjanski et al., 1997) and lignocellulose degradation 
(Coy et al., 2010) respectively. Perhaps most interesting is that the laccase found in the venom of 
Megarhyssa shows very little similarity to the venom laccases of the parasitoid wasps, Nasonia 
vitripennis and Pimpla hypochondriaca, neither of which bore into wood, and to which 
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Megarhyssa is phylogenetically closely related; the latter is in the same family.  The placement 
of Megarhyssa‟s venom laccase indicates that it is most similar to a predicted laccase found in the 
primitive parasitoid wasp, Orussus albietinus. Originally placed among Siricoidea (Rohwer, 
1912; Bischoff, 1926; Ross, 1937; Benson, 1938; Cooper, 1953), it is now widely accepted that 
Orussoidea are the sister group to Apocrita (Quicke, 1997; Sharkey et al., 2011). Like 
Megarhyssa, many wasps in the family Orussidae are also ectoparasitoids of insect larvae that 
develop inside tree trunks (Nutall, 1980; Rawlings, 1957), necessitating the placement of eggs 
deep in wood (Cooper, 1953). Orussid wasps also have disproportionately long ovipositors 
which, when at rest, are concealed and looped inside the body, extending through the abdomen 
and thorax (Cooper, 1953; Rohwer & Cushman, 1917; Vilhelmsen et al., 2001).  
 Figure 5 illustrates the similarity in morphology between the ovipositors of M. macrurus 
and Orussus japonica in contrast with that of the Tremex columba which is known to 
mechanically drill into wood, producing sawdust (Escherich, 1942). Both M. macrurus and O. 
japonica have smooth ovipositors that lack cutting teeth. In contrast, the ovipositor of the siricid 
wasp is much shorter and has rows of sharp, deep, cutting teeth. Though it is difficult to draw any 
conclusions from a comparison of two putative enzymes, we believe it may be possible that M. 
macrurus and O. japonica both produce laccases which could be secreted to facilitate the 
penetration of wood.  
 Assays conducted using a variety of substrates could not confirm enzymatic activity of 
the recombinant Megarhyssa venom laccase and even showed evidence of anti-oxidant activity in 
the case of pyrogallol (Fig. 4). This lack of activity may be due to the way in which the 
recombinant protein was produced. For example, the use of a His-tag can have negative effects on 
protein folding and, in turn, its activity. In addition, the buffer in which it is stored could inhibit 
activity and simply storage itself could reduce activity. Future work using an alternative tag or 
exchanging the buffer through dialysis could lead to more fruitful results. 
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Summary 
This study characterizes the putative laccase in the venom of Megarhyssa. Given its placement in 
the phylogeny produced from insect laccases we conclude that it is most similar to the predicted 
laccase of O. albietinus. We hypothesize that these laccases may be secreted by the long, gracile 
ovipositors of these wasps to aid in the penetration of depths of wood disproportionate to their 
body size. Enzyme assays could not detect activity of the recombinant laccase and further work is 
needed to confirm our hypothesis. 
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Figure 5.1. cDNA sequence and amino acid translation of the open reading frame of the putative 
laccase identified in the venom of Megarhyssa. The numbers on the right indicate the position of 
the last nucleotide or amino acid residue on each line. The putative signal peptide is indicated by 
those residues that are underlined at the beginning of the sequence. The residues below the 
numbers 1, 2, and 3 are involved in co-ordinating the T1, T2 and T3 copper centers respectively. 
The boxes indicate the N glycosylation sites and the O-glycosylation sites are denoted by 
emboldened and underlined residues.  
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Figure 5.3 Analysis to show presence of purified protein. A. SDS-PAGE analysis (Lane 1: BSA 
(2 μg); Lane 2: Recombinant laccase (2 μg)). B. Western Blot analysis using Anti-His antibody 
(Lane 3: Recombinant laccase). 
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Figure 5.4. Absorbance across the full spectrum for all treatments. The peak around 270 nm 
indicates the presence of substrate and is only evident in the substrate control and Megarhyssa 
laccase treatments. The peak around 330nm indicates the presence of product. High levels of 
absorbance at lower wavelengths are present in the background control and do not indicate the 
presence of either substrate or product. 
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Figure 5.5. Ovipositor tips from M. macrurus (A), Orussus japonicus (B) and Tremex 
columba(C).  
 
Copyright © Victoria Gillian Pook 2016 
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Chapter 6: Summary and Future Directions 
 Parasitoid wasps are hyperdiverse in form and function. It is estimated that they 
constitute up to 20% of all known insect species but due to the taxonomic impediment, most of 
them are likely to remain undescribed. However, technological advances are increasing the rate at 
which new species can be discovered and improving our ability to understand their biology. In 
this dissertation, I take advantage of these technologies to identify new molecular markers for use 
in parasitoid species delimitation and to examine parasitoid venom constituents. The results of 
these studies will aid taxonomic revisionary research and contribute to the growing body of work 
indicating that parasitoid venoms represent outstanding natural resources. 
 In Chapter Two, an additional molecular marker is identified for species delimitation in 
the genus Hyposoter. It is a region of a polydnavirus (PDV) gene that is involved in parasitism 
and may therefore be under high selective pressure. The results demonstrate that the gene is 
conserved within species and variable among species, much like the barcode region of COI. 
However, the extent of the variation among species is not entirely consistent with that of COI and 
in two of species we examined, the PDV gene showed much greater variation, highlighting its 
utility as an additional molecular marker in this genus. PDVs occur in tens of thousands of 
ichneumonoid wasp species and future work investigating PDV genes as diagnostic characters 
could substantially improve the accuracy of taxonomic work in this group which is notoriously 
difficult to identify morphologically. 
 The key to the species of Megarhyssa in America, north of Mexico presented in Chapter 
Three provides an accessible identification guide to these four species for use by the non-
specialist. Specimens of Megarhyssa are a common sight in the forests of North America and are 
often collected by hobbyists and enthusiasts of the natural world. In addition, these wasps can be 
employed as biological control agents. By linking to websites such as BugGuide and the 
American Entomological Institute, this key will be accessible to a wide range of users, improving 
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the accuracy of identifications. The genus Megarhyssa is found worldwide and further work 
could include the construction of species keys for other geographic regions. 
 Chapter Four details the investigation of the venom of the genus Megarhyssa. A range of 
different proteins are identified and possible functions relating to parasitism are assigned to them. 
Their potential utility in industry is also discussed and future work involving the expression of 
recombinant proteins could confirm these predictions. This is the first study looking into the 
venom of an ectoparasitic idiobiont ichneumonoid and therefore many of the sequences 
discovered are different from those known from other parasitoid Hymenoptera and could 
represent novel molecular entities of scientific interest. 
 The attempted characterization of the putative laccase present in the venom of 
Megarhyssa is presented in Chapter Five. Conserved protein domains and glycosylation sites are 
identified and indicate that it possesses the characters that are common to insect laccases. A 
phylogenetic analysis shows that the sequence is similar to a predicted laccase found in an orussid 
woodwasp and that it is different from the sequences of laccases found in other parasitoid wasp 
venoms. However, assays could not detect enzymatic activity and further research is needed to 
assess its activity. 
 In summary, this dissertation provides new insights into the identification of ichneumonid 
parasitoid wasps and the composition of their venom. State-of-the-art technologies were 
employed to conduct this research and the results indicate that technological advances will prove 
highly beneficial to the continuing progress of this field. 
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